Fiber imaging bundles have been investigated for use in endoscopic optical coherence tomography (OCT) systems, to obviate the requirement for scanning components within the endoscope probe section. Images have been acquired using several optical configurations, two of which are common path in design. Configurations have been selected as having potential for miniaturization and inclusion in endoscopic-type systems, since the advantages of employing imaging bundles are most clearly seen in this type of system. The various types of bundle available are described, and the properties of the leached bundles used here are discussed in detail, with reference to their effect upon the performance of OCT systems. Images are displayed from measurements made on a range of samples.
Introduction
Optical coherence tomography (OCT) is an adaptation of low-coherence interferometry (LCI). LCI was developed for noncontact surface profiling [1] [2] [3] , whereas OCT refers to the same technique applied to subsurface imaging of semitransparent materials. The LCI technique comprises an interferometer, used with a broadband light source, in which one of the reflectors is replaced by the sample of interest and the other, known as the reference reflector, scans rapidly and linearly over a short distance parallel to the optical axis of the system, to modulate the interferometer path-length difference. Interference fringes are generated when paths within the system match to within the source coherence length, which is typically a few micrometers to a few tens of micrometers, thereby providing a relative measurement of distance to the sample surface. The depth resolution of the technique is thus set by the temporal coherence of the broadband optical source. Twodimensional (2D) and three-dimensional information is obtained by scanning the interrogating beam across the surface of the sample. In recent years, OCT has generated enormous interest [4, 5] , particularly for imaging biological tissue, since subsurface structures of the sample are imaged with a very high spatial resolution. An alternative implementation of the OCT technique is now generally preferred, in which the path-length difference is fixed and a laser source, with a coherence length of a few centimeters, sweeps rapidly and linearly in wavelength over a range of about 100 nm. Swept-source systems allow fast acquisition, and the image contrast is often better than in time-domain systems [6] . The image in swept-source OCT is generated from a fast Fourier transform (FFT) of data acquired by sampling the interferometer output many times during the laser sweep [7] .
OCT in turbid biological tissue, both in vitro and in vivo, is finding widespread applications in the diagnosis and treatment of medical problems, particularly disorders of the internal structures of the eye [8] and cancers of the epithelial tissues of the human body [9, 10] . For internal investigations, such as measurements of the gastrointestinal tract, endoscopic systems using optical fiber components have been developed [11] . Typically, these use one of two techniques to obtain 2D images; either a right-angle prism rotates within the probe, turning the beam through 90°and sweeping it in a circle concentric with the probe axis [12] , or a miniaturized scanning mirror (or microelectromechanical system device) is incorporated within the probe to allow greater choice over the scanning direction [13] .
We have developed swept-source LCI/OCT systems, incorporating one or more optical fiber imaging bundles within an endoscopic probe. By coupling light into different fibers within the imaging bundle, multiple points on the sample surface are addressed without any scanning at the probe end of the system. Our interest in low-coherence systems arises from consideration of the requirements for endoscopic imaging in clinical OCT applications, but there are also numerous nonbiological situations requiring noninvasive thickness measurements or internal structural analysis, for which OCT is a good candidate. These include, for example, subsurface investigation of resin composites [14] , manufacture of sheet materials [15] , and art conservation projects [16] . The introduction of imaging fiber bundles to OCT systems allows a completely passive endoscopic probe section to be constructed. Our first publication proposing imaging bundles for use in OCT [17] was published almost simultaneously with another paper on the same subject [18] in 2005. The work discussed in both these papers was based on time-domain systems. We investigated an 800 nm OCT system in which all fibers of an imaging bundle were illuminated simultaneously, the signal being collected on a CCD camera [19] . While partially successful, this system was slow because the camera frame rate was only 25 Hz. Phase drift during the acquisition time was problematic, as were large variations of intensity across the image. In recent years a number of other researchers have also reported bundle-based OCT systems. A common-path Fourier-domain system has been described [20] , and work has been reported on removal of the image pixelation effect resulting from the optical dead space between fiber cores in the bundle [21] .
To the best of our knowledge, this paper is the first report of a bundle-based OCT system using sweptsource processing. It describes a scheme in which a focused beam is scanned across the input face of the bundle to address each fiber in turn. The information from the different fibers is multiplexed in time. Although transverse scanning components are required for this technique, they are removed to the input end of the instrument, remote from the measurement region. The leached imaging bundles used in this investigation, described in detail below, have outer diameters of only 1-3 mm and are extremely flexible, making them highly appropriate for endoscopic applications. In principle, the removal of active beam-scanning components from the endoscopic head allows very small probe diameters to be achieved, especially if Gradient-index (GRIN)-rod lenses are incorporated into the probe end. The removal of scanning from the probe would be advantageous in situations where access is difficult, such as internal OCT measurements on live patients, or in engineering environments where it is preferable not to introduce electrical signals, such as measurements near inflammable or explosive gases. The miniature scanning components required for integration into an endoscopic OCT probe head are expensive and the experimental design can be awkward, resulting in larger probe dimensions than may be tolerated for some applications. Such probes are typically side viewing [11] , requiring the sample surface to be positioned to the side of the probe and perpendicular to the optical axis. The use of bundles, however, would allow both side-viewing and forward-viewing configurations to be designed with only minor changes required in the probe-head optics. This paper explores the characteristics of three optical configurations for swept-source OCT using fiber imaging bundles. Figure 1 shows one of the configurations investigated for a swept-source OCT system incorporating a fiber imaging bundle. Light from the swept source emerges via a single-mode fiber, which is connected to a broadband optical circulator using fiber connectors, angle polished to avoid backreflections into the laser. The circulator delivers the laser output, minus losses, to the bundle input optics. A pair of lenses focuses the light to a small beam waist appropriate for coupling into a single core of the bundle, and a rotating mirror mounted on a galvanometer scanner scans the beam across the input face of the bundle. If paired galvo-scanners are used, a 2D region of the sample can be addressed. The optics used are described in greater detail below.
Optical and Data Acquisition Systems
The figure shows a common-path system [22] , in which both probe and reference beams travel identical paths through the bundle at all times. Light from the output of the bundle is focused onto a mirror, and the OCT interferometer is formed by positioning a beam splitter cube in the focused probe beam, to divert a portion of the optical power onto the surface of the sample. We used a custom broadband beam splitter with a nominal 80% reflection/20% transmission, to direct most of the light onto the sample. In Fig. 1 . Configuration 1. Swept-source, common-path OCT system incorporating an imaging fiber bundle, with miniature Michelson interferometer formed at output of bundle. BS, beam splitter; L1, L2, L4, f ¼ 18:5 mm; L3, f ¼ 8:0 mm. practice, it was closer to a 70=20 split with 10% loss. Backscattered light from the sample and reference mirror returns through the bundle, where it is collected by the circulator and delivered to a photodetector. The path-length difference is set to be less than the instantaneous coherence length of the laser, such that the two returning beams combine interferometrically. The lateral resolution scales linearly with the magnification at the probe end of the sample bundle; for a magnification of 1, it is 10:6 μm, the same as the core spacing. Axial resolution, calculated from the center wavelength of 1280 nm and wavelength sweep of 90 nm, is about 8 μm.
The source used in this system is a Santec HSL-2000 scanning laser with a center wavelength of 1330 nm, a wavelength scanning rate of 20 kHz, and a wavelength sweep of about 100 nm, which is very close to linear as a function of time. The slight deviation from nonlinearity is well characterized [23] and has been corrected for in the data. The maximum instantaneous power from the laser fiber pigtail is about 13 mW, occurring close to 1350 nm. The optical signal, returning from the OCT system through the circulator, is incident on a fiber-coupled, low-noise InGaAs photodetector, with a 3 dB bandwidth of 15 MHz and an output response of 51 × 10 3 V=W. Data acquisition is performed by a National Instruments PXI-5122 digitizer card, mounted in an external chassis and controlled from a personal computer by NI-SCOPE LabVIEW software. The analog inputs to the digitizer are converted to a 14 bit digital signal, with a maximum sampling rate of 100 MS s −1 . The repeat period of the laser wavelength sweep is 50 μs, with a duty cycle of about 80%. For an imaging depth of 2 mm in air, applying the Nyquist sampling criterion, it is necessary to collect more than 450 samples within the sweep period, or 600-800 for the same depth in a high-index sample. In our system, data points are sampled at equal wavelength intervals. The Fourier transform required to extract spatial information requires data points equally spaced in optical frequency, for which resampling of the data is required. Given the 20 kHz sweep rate of the laser, we use an acquisition rate of 33 MS s −1 , which results in data sets of about 1350 values per sweep. Resampled sets of 800 points, equally positioned in frequency space, are then calculated.
A batch of typically 600 data sets is collected during each mirror scan, containing the information to generate one 2D image of 600 × 400 pixels. The batch start time is synchronized to the rotational position of the mirror by a signal from the mirror controller, driven by a sawtooth waveform generated either from the computer or an external source. Within this batch, acquisition of each data set is triggered by a TTL output pulse from the laser.
AC frequencies higher than half the sampling rate, i.e., 16:5 MHz, present at the analog input connector, give rise to aliased frequencies in the digitized signal, and are best discarded before the digitization process takes place. Thus the 15 dB bandwidth of the detector used here is well suited to measurement at the 33 MHz sampling rate.
Properties of Imaging Fiber Bundles
Coherent optical fiber bundles, also known as imaging bundles, comprise typically tens of thousands of waveguiding glass or plastic cores surrounded by lower index material. Ideally, each fiber is considered to act as an independent waveguide, the whole array being contained within a diameter up to a few millimeters. Because fiber positions match at both ends of the bundle, an image projected onto the input face is transmitted unaltered to the output end. This is demonstrated by Fig. 2(a) ; an illuminated sheet of letter "e" stencils is imaged, with a magnification M ≈ 0:02, onto the input face of an imaging bundle, and the output face is then imaged, with a magnification M ≈ 6 onto a CCD camera. Imaging fiber bundles are manufactured both in silica and in crown glass [24] . There are several types: the illuminated end face of a wound bundle is shown, at a magnification of about M ≈ 40, in Fig. 2(b) . This type is made by winding subbundles of 5 × 5 fibers into a single-layer ribbon on a cylindrical mandrel, assembling layers in a separate laminating operation, then cutting through and polishing the ends [25] . These bundles typically have a diameter of 4-10 mm, and have been successfully used in flow measurement [26, 27] and speckle [28] instrumentation applications in our laboratory. Fused bundles [ Fig. 2(c) ], in which the matrix of cores and cladding is solid along the entire length, are also available [29] . These typically have core diameters of a few micrometers, but are much less flexible components, with a minimum bend radius of several centimeters. Also, we were unable to locate either wound or fused bundles in which it was possible to confine near-infrared (NIR) light to a single core over the length of the bundle.
Leached bundles [ Fig. 2(d) ] are manufactured by laying up rigid, double-clad core rods in a closepacked array, such that any particular core occupies the same position in the matrix at both ends of the bundle [30] . The entire assembly is then fused and drawn to reduce the core diameters. Over the entire bundle, apart from lengths of about 1 cm at either end, the outer layer of cladding is removed from each core by acid leaching, separating the fibers and rendering the bundle extremely flexible, and the faces of the short, rigid end sections are polished to obtain an optically flat finish [31] . Figure 3(a) illustrates the structure.
Many of the commercially available leached bundles have core diameters of up to several tens of micrometers, and a high degree of multimoding is to be expected within the fibers. This is not a problem for direct visualization of a white-light image by the eye, but does make such bundles unsuitable for use with laser sources and interferometric systems. Hence leached bundles, with much smaller core diameters of 6-12 μm (Schott North America), were selected for this investigation. The actual bundles used had a core center spacing, or pixel size, of 10:6 μm, as shown in Fig. 3(b) .
Incorporating an imaging bundle into an OCT system creates challenges additional to those found in single-fiber OCT. The numerical aperture (NA) of bundles is generally at least 0.5 in the visible region of the spectrum, much greater than the value of 0.1-0.15 typical for single-mode fibers. This results from the need to confine the light adequately to an individual core surrounded by only a very thin layer of cladding, so that cross coupling between fibers is minimized. For typical core diameters, the result is multimode guiding behavior at wavelengths in the visible region of the spectrum. Wavelengths used for OCT are typically in the range of 400-1500 nm, with most being between 800 and 1300 nm. The bundle NA and number of modes supported in the NIR will be lower than in the visible but, as described below, a degree of multimode behavior persists up to at least 1400 nm. A high NA creates a number of issues. First, light must be delivered to and from the fiber bundle, and to the detector, using single-mode fiber components, such as couplers. The NA of these is poorly matched to the bundle NA, which inevitably leads to optical losses unless coupling to the bundle can be very carefully controlled, to excite only the fundamental mode of each core. Similarly, at the sample end of the OCT probe, it is desirable for the beam to have a rather small value of NA, to ensure sufficient depth of focus; too small a Rayleigh range results in excessive loss of contrast and lateral resolution away from the best-focus position in the OCT image. If more than one bundle mode is excited, NA matching here will again be poor.
Multimoding occurs then, even when bundles designed for the visible spectrum are used at wavelengths in the NIR. It is clearly very undesirable in an OCT system. Modes excited in addition to the fundamental will travel different path lengths within the bundle core, giving rise to unwanted signals in the OCT image. Provided that the difference in optical path length for two modes is within the instantaneous coherence length of the laser (about 10-20 mm for the Santec laser used here), then wavelengthdependent interference will occur between those modes, causing the output to oscillate. The frequency of oscillation will depend upon the fiber length and dispersion characteristics.
The modes excited in any particular core are affected by the coupling conditions [32] . The center wavelength of the swept source is considerably higher than the visible wavelengths for which the bundle is designed, which immediately reduces the number of supported modes. In addition, a low NA coupling lens, an incident beam well aligned normal to the bundle input face, and centering of the beam focus within the selected core, will result in near-singlemode behavior. However, it is not possible to ensure that these conditions apply at all times when scanning the input beam across the bundle face to access many bundle cores rapidly and sequentially.
Because the cladding thickness is very small compared with conventional fibers, some overlap of modal fields between cores is to be expected, particularly in the rigid end ferrules of the bundle [ Fig. 3 ], where the fibers are hexagonally close packed and cores lie parallel in a matrix of cladding material over distances of several millimeters. As a result, a fraction of optical power will be coupled from the illuminated core into several neighboring cores. The degree of power transfer depends on the quality of phase matching between the two waveguides involved in the process; for identical fibers, power transfer could, in principle, be total over a sufficient interaction length, giving rise to severe cross-talk problems in the signal. In fused bundles, modeling has shown [33] that diameter variations occurring over distance within the bundle are helpful in providing a limitation on interaction length, and keeping the light largely confined to the core illuminated at the bundle input. In leached bundles of the type used for these experiments, diameter variations are very small, but the fibers lie in a loose skein outside the end ferrules of the bundle, which also places a limitation on coupling interaction length. However, because the cladding is only about 2 μm thick, it is possible that significant overlap of modal fields occurs even within the region of the bundle where the fibers are physically separated from one another by etching, in which case additional cross-coupling effects will occur.
A fill-factor loss of around 40% is generally quoted for imaging bundles. When the entire bundle face is illuminated at one time, as in typical visual inspection applications, light that falls in the regions between fiber cores is lost. It should be noted that this loss operates differently in the proposed OCT application. For ideal input coupling, the entire available power from the beam addresses individual bundle fibers, but there is a total loss of data when the beam addresses regions within the cladding. This results in discretization of the image data. In these experiments, a powermeter has been used to measure the transmission loss experienced when coupling to a single bundle core. The value obtained is, of course, dependent on the quality of input coupling. For an input NA of about 0.15, a maximum transmission of about 17% was obtained in a 1:35 m long bundle at 1330 nm.
Transmission information is provided by the manufacturer [34] for wavelengths up to 1100 nm, as shown in Fig. 4 . Maximum transmission occurs at about 500 nm, with the value gradually declining as wavelength increases. Our measured value looks reasonable when compared with this curve. In a double-pass arrangement, this equates to 97% loss of optical power in the bundle, which is a difficulty with this approach at the present time. Shorter bundles are available: we also measured the transmission for a 0:52 m long bundle at the same input NA. The measurement was not directly comparable, as the pixel size for this bundle was only 8:4 μm, compared with 10:6 μm for the longer bundle. However, an increased transmission of 27% was observed. The double-pass loss for this bundle is therefore 93%. It seems likely that the dominant loss mechanism is leakage from the cladding over the length of the bundle, as a consequence of this layer being very thin in comparison with the cladding of a standard singlemode fiber.
Bundles in an OCT System

A. Lens Arrangements for Input and Output Coupling
The optimum input coupling arrangement for the bundle is to place the scanning mirror in the front focal plane of the coupling lens [ Fig. 5(a) ]. The chief ray within the focused beam then remains perpendicular to the bundle end face at all scan positions. This also ensures that the position of best focus is the same for all fibers in the bundle. For the scanning mirror at longer distances from this lens, poor beam focus and increased excitation of higher-order modes are experienced by fiber cores toward the extremes of the scan. Short focal length, aspheric lenses (Thorlabs, Inc.) were used in our system to keep the arrangement compact, and the design enabled all components to be mounted within a small bench footprint.
At the distal end of the bundle, similar considerations apply to the selection of lenses. A telecentric imaging system [ Fig. 5(b) ] is desirable, particularly where the reference beam is derived from this end of the probe, to ensure that the chief ray in the sample beam is parallel to the optical axis of the system for all image positions. This is not difficult to arrange on the laboratory bench, but requires lens L4 to have a clear aperture of 3-6 mm in diameter when used at a magnification of 2-3, and is therefore not so suitable when the system is designed for endoscopic applications in confined spaces. The depth of focus within the sample depends on beam NA; an acceptable Rayleigh range would be about 100-200 μm, which requires the NA to be about 0.07-0.05 at a wavelength of 1330 nm. This would provide reasonable imaging quality to a sample depth of more than 1 mm. If suppression of higher-order modes is achieved at the input, the output NA of the beam will be less than the standard value quoted for the bundle, but insufficiently low for good OCT imaging. Using an NIR CCD camera (Vosskhühler NIR-300 InGaAs sensor, 320 × 256 array of 30 μm square pixels), the output NA of light transmitted by a single core of the bundle was measured for input NA values ranging from about 0.15-0.55, close to the center of the mirror scan. In all cases, the NA of the output light was similar, with values ranging between about 0.12 and 0.15. This suggests that only a few modes are excited at these wavelengths, with most of the light propagating in the fundamental mode.
The modal patterns are most clearly observed under monochromatic illumination, thus, a fiber Bragg grating fabricated in our laboratories (wavelength 1301 nm, 40% reflectivity) was used to select a 0:2 nm wide slice from the swept-source output. This light was coupled, with an input NA of about 0.5, into a single-fiber core, and the modal pattern at the bundle output was observed by imaging the core of interest
6(e)-6(h)]. The gain is not the same for all these images; maximum optical power is transmitted in the situation depicted in Fig. 6(a) .
When the beam is optimally focused and the beam waist concentrically aligned with the fiber [Figs. 6(a) and 6(e)], the output appears very similar to that of a single-mode fiber, with coupled power at a maximum and the profile of the mode almost Gaussian in form. However, a few micrometers of defocus or lateral offset causes some of the power to couple into higherorder modes. Only a few modes appear to be excited to any appreciable extent under the coupling conditions experienced as the beam scans across the bundle, but even this small fraction of power traveling in other modes will cause artifacts and loss of signal-tonoise ratio (SNR) in the OCT images.
Some additional power loss is to be expected in the probe-end optics, in reducing the NA to a value appropriate for sample imaging. In single-fiber OCT systems, the region addressed on the sample surface is independent of the probe lenses, being determined by the angular excursions of one or two galvanometer mirrors. In bundle-based OCT, however, the area sampled is determined by the input and output NA values of the lens system used to image the distal bundle face onto the sample, and this is coupled to the magnification of the lens system. For a bundle diameter of 1 mm, a magnification M of about 2 would provide a reasonable sample dimension and an acceptable NA for the probe beam. It must be remembered that the number of sampling points (fiber cores) is fixed, so an increase in scan diameter on the sample implies an accompanying decrease in the lateral resolution. For the highest resolution, the sample dimension imaged must be equal to or less than the bundle diameter. For larger images, a bundle containing a larger number of fiber cores should be used. As magnification decreases, and lateral resolution increases, it becomes necessary to include an aperture stop to maintain depth of focus; however, a loss of optical power will be experienced, proportional to the square of the NA reduction ratio in the focused sample beam, and it may sometimes be preferable simply to accept a smaller imaging depth for high resolution images.
GRIN-rod lenses are an attractive alternative to conventional lenses, as their small size and cylindrical form allow for ease of mounting and compact, robust systems. GRIN-rod lenses generally have small amounts of spherical aberration and astigmatism, and some field curvature [35, 36] . Chromatic aberration can be large, especially in the visible range, with focal shifts of up to 15-20 μm over about 100 nm, which imposes a limitation on depth resolution in ultrahigh resolution OCT systems, but this aberration is much lower in the NIR and performance is perfectly adequate for low-coherence imaging in the type of system described here.
B. Configuration 1: Bulk-Optic Michelson Interferometer at Distal End of Bundle
Several configurations for bundle-based systems have been investigated. Initially, the common-path system of Fig. 1 was used, in which a Michelson interferometer was formed using a 5 mm beam splitter cube positioned at the distal end of the bundle. This arrangement ensures polarization matching between the signal and reference beams, maximizing signal amplitude, and also ensures that both beams follow identical paths through the bundle. As discussed below, the resulting dispersion matching is a significant advantage of the common-path scheme.
The lateral scanning of the reference beam that occurs in this system is less advantageous. When a flat reference mirror is used, power is lost toward the extremes of the scan due to increasing beam angle. The variation in power transmitted through individual fibers is also very variable, depending on coupling conditions at the bundle input. These effects make it difficult, even partially, to remove the DC component of the OCT signal, thereby limiting attainable SNR. Backreflections from both ends of the fiber bundle contribute significant DC levels to the detected signal, raising the excess noise.
Because losses are high for beams traveling within the bundle, the proximal face reflection was particularly troublesome, so 12°angled polishes were applied at the input and output faces of the bundle. Snell's law at the glass/air interface requires that the fiber interface then be tilted away from the optical axis. Setting the tilt angle of the bundle ends for maximum coupling into the angle-polished cores required care. There was also a loss of focus associated with the angled polish, toward extremes of the beam transit, both at the input and output of the bundle. At the input end, this can be minimized by the use of low NA optics. In principle, it could be eliminated by translating the bundle end parallel to the polished surface instead of beam scanning but, in practice, translation stages with hundreds of micrometers range, >100 Hz resonant frequencies and trajectory precision of a few micrometers are very costly. Unfortunately, suppression of the backreflection from the distal end was less successful, because of the multimode nature of the cores. There was a tendency for the angled polish to couple backreflected light into higher-order modes, which adversely affected the images by increasing modal interference artifacts.
Polishing the ends of the bundle normal to the optical axis, and having a V-type antireflection (AR) coating [37] applied (Vortex Optical Coatings Ltd.), was found to be a helpful alternative to anglepolishing, reducing the reflectivity of the fiber ends to about 0.004, from a value of about 0.05 for the uncoated surfaces. A more sophisticated coating would further reduce this value, although an angled polish still offers superior suppression at the beam input.
C. Configuration 2: Michelson Interferometer Formed between Two Bundles
To avoid the reference beam scanning inevitable in the common-path arrangement, the Michelson interferometer arrangement shown in Fig. 7(a) was also investigated. Initially, the reference arm comprised a single-mode fiber of similar length to the imaging bundle, with path-length trimming achieved in the short air paths at the distal ends of each arm. It was immediately clear from this setup that the effective index and dispersion of the single-mode fiber are very different from that of the bundle cores; the width of the OCT signal became dependent on the depth position within the image, and was significantly broadened for all depth positions. A satisfactory image could not be obtained. The singlemode reference fiber was therefore replaced by a second imaging bundle of a type and length matching the first. Using a single fiber within this bundle as the guide for the reference beam resulted in a great improvement in image quality. Of course, it is an expensive solution to place a second bundle in the reference arm for the use of one fiber core. In principle, the same result could be achieved by coupling the reference beam into a peripheral fiber core of the main sample-arm bundle. This would be less straightforward to arrange experimentally, but not prohibitively difficult.
D. Configuration 3: Fizeau Interferometer at Distal End of Bundle
Finally, a third arrangement was investigated [ Fig. 7(b) ], which is attractive because it requires no additional optical components within the probe. The reference beam is derived from the internal reflection at the distal end of each fiber core. The beam from the output of the bundle is allowed simply to diverge until it strikes the sample. This technique has been reported in single-fiber systems [19, 38] . Although the optical power does not converge to a beam waist, if the sample is positioned close enough to the end of the bundle, the beam will still be small enough for adequate imaging. The reference beam is derived from the distal bundle face, which, for an uncoated bundle, has a reflectivity of about 5%. If required, a higher percentage of light can be transferred into the reference beam by appropriate coating of the bundle face. This OCT configuration requires the object to be positioned very close to the end of the probe, as the maximum operating distance, limited by beam defocus, is a few hundred micrometers.
Balanced detection is often used in OCT to remove excess noise. Typical optical arrangements for singlefiber OCT systems are similar to Configuration 2 (Subsection 4.C). In such systems, balanced detection is achieved by collecting both outputs from the Michelson interferometer. The DC background common to both signals is largely removed, along with the excess noise, and the interferometric, antiphase signals combine additively. Although, in principle, the same technique can be applied in bundle-based systems, it is complicated by the multimode behavior of the bundle fiber cores. Unless all light from the returned signal in each multimode bundle core couples to the collection fiber of the detector, which is not generally the case, balanced detection will not be completely successful, as the coupling at this point will be wavelength dependent. Multimode collection fibers can be used with the balanced detector, but the photodetector dimension is only 0:1 mm, and similar problems occur if not all the power from the multimode fiber is transferred to the active detector area.
Partial removal of the DC signal component can be achieved in our system by splitting off a small portion of the output from the swept source using a 95=5 directional coupler, collecting the light on the second input of the balanced detector, and attenuating this beam until its magnitude closely matches that of the DC level in the OCT signal beam. In practice, however, little improvement in image quality is observed, because the detection limits of the system are dominated at present by image artifacts resulting from multimode behavior of the bundle cores. If multimoding were eliminated, detector or excess noise would become dominant, and DC reduction would then be more helpful. Reduction of excess noise is also affected by the interferometer arrangement used, and also depends on the extent to which the front-face reflection from the bundle can be suppressed.
Results and Discussion
Images were acquired for the three imaging system configurations described in Section 4, and are shown in Figs. 8-10 . The magnification for Configurations 1 and 2 was arranged to be similar, to facilitate visual comparison of images of the same sample taken with different systems. In Configuration 3, unit magnification is intrinsic to the arrangement, since no additional optics are employed in the probe section of the instrument.
A. Configuration 1: Bulk-Optic Michelson Interferometer at Distal End of Bundle
The images shown in Fig. 8 exhibit a feature characteristic to all bundle-based low-coherence systems. Because of the "dead space" in the nonguiding cladding region between fibers, images have a vertically striped appearance, with bright lines corresponding to illuminated bundle fiber cores.
The magnification in this system was 2.4. The lowcoherence interferometer was formed by including a beam splitter cube in the probe section of the system, to create two beam paths. The reference beam is backreflected from a mirror, and the sample is positioned at the focus of the other beam. By placing the beam splitter after the focusing optics, the number of lenses required is minimized, and the beam paths to the focal planes are automatically matched in the two arms. It should be noted that the cube has the effect of shifting the focal plane back by a distance of about 3:5 mm, as compared with the same system without a beam splitter; this must be accounted for during system setup. In our system, a beam splitter with a 70=20 power split ratio was used (approximately 10% loss), such that the straight-through (reference) beam contained about 20% of the incident power, and the reflected (sample) beam about 70%. After the double pass through this component experienced by both beams, the ratio of power returning from the sample and reference arms would be about 12:1 for equal reflectivity in each arm. Because, in practice, the reflectivity in the sample arm is typically much lower than that in the reference arm, the unequal split ratio helps to maximize efficient use of the available light. The Michelson configuration allows the sample to be positioned to either side of the zero path-length difference position. In all the images of Fig. 8 , parts of the sample closest to the bundle appear toward the top of the image.
The prime advantage of Configuration 1 is the common-path arrangement. Reference and signal beams travel the same route through the bundle. Although this does not eliminate modal problems, it does minimize dispersion broadening of the interference signal, and polarization matching is automatically achieved at all times in all fibers. The main disadvantage is that the reference beam undergoes spatial scanning, which results in large intensity variation in this beam, in addition to those in the sample beam. Unless the telecentric probe lens arrangement of Fig. 5(b) is adopted, there will also be "walk-off" of the beam incident on the reference mirror toward the extremes of the scan. The effects of this can be seen in the images shown in Figs. 8(a)-8(c) . The central portion of the image is bright, but loss of power toward the ends of the transverse scan means that this region of the image may be lost. The problem is least apparent in Fig. 8(a) , where the sample is of very high reflectivity.
B. Configuration 2: Michelson Interferometer Formed between Two Bundles
The images acquired using this system, shown in Fig. 9 , were of better quality in several ways than those acquired using the system previously described. The telecentric probe lens system of Fig. 5(b) was implemented, using lenses of f ¼ 8 and 18:4 mm and it is clear, particularly from Fig. 9(a) , that fading toward the edge of the image has been almost eliminated. It would similarly be possible to employ this lens system in Configuration 1, with the beam splitter positioned after the second lens. The contrast is also better in the images shown in Fig. 9 , because physical separation of the reference and signal arms allowed optimized input coupling for the reference beam bundle to be achieved and maintained through a single-fiber core, while only the signal beam was scanned from one fiber to another. The magnification of the system was 2.3. In Fig. 9(f) , an image acquired with the same source and electronics, but using single-mode fibers with probe-end scanning, is shown for comparison. The image demonstrates that, with advances in appropriate bundle Fig. 9 . Images from system Configuration 2. The samples represented are (a) a matte, milled metallic surface, (b) a sheet of translucent stencil film, (c) the first few layers in a reel of adhesive tape, and (d), (e) a 680 μm-wide V-groove in a milled alloy block. A correction has been applied to displayed depth positions in all images except for (d). About 60 fibers are used. White bars show 250 μm, width and depth scales. For comparison, a second image of the adhesive tape reel, acquired using our OCT system with a single fiber and a scanning mirror instead of the bundle, is shown in (f). The depth scale for this image is as for the others, but the lateral distance is greater at 6:5 mm. transmission and modal characteristics, excellent image quality is achievable in such a system.
There is one drawback of this configuration. The individual optical paths for fibers within the bundle vary by a few tens of micrometers, even when the end faces are polished flat and perpendicular to the bundle axis. This introduces a distortion of the acquired image. Figure 9(d) shows an uncorrected image of a 680 μm-wide V groove. However, it is reasonably straightforward to correct for this distortion. A reference image taken from a flat surface is acquired. The depth positions of the maxima are computed, stored, and subtracted from the corresponding depth values in each subsequent set of acquisitions. The images shown in Figs. 9(a)-9 (c) and 9(e) have all been adjusted using this correction. The reference data set is, of course, unique to the particular row of fiber cores used to acquire the 2D image, and must be renewed if a different row of fibers is selected.
C. Configuration 3: Fizeau Interferometer at Distal End of Bundle
This is the most straightforward system in terms of optical components and alignment. The light from the source is coupled directly into the bundle, via the transverse scanning mirror. At the probe end of the bundle, no additional optics are required and the magnification is therefore always 1.
The light exiting from the bundle is simply allowed to diverge until it strikes the sample, which is placed within a few hundred micrometers of the bundle tip. Focusing optics could be used at the end of the bundle, but the instantaneous coherence length of the Santec source is not large enough to permit this in our system. When a flat, matte-surface metallic sample is used as the sample, it appears that good imaging is achieved, as seen in Fig. 10(a) . However, this is rather surprising, since the beam divergence is significant and, at a distance of 500 μm from the bundle, the beam diameter will be about 150 μm. This would be expected to cause severe power losses and reduction in transverse resolution. Indeed, when a more complex object is introduced, such as a 280 μm wide, machined V-groove [ Fig. 10(b) ], it becomes clear that good imaging is to be expected only for structures that are almost parallel to the end face of the bundle. Within the groove, where the path length changes appreciably over small lateral distances, the image becomes smeared out. It is possible to see that a hollow exists in the sample structure, but the exact form of the structure is lost.
This experiment was performed using a bundle with coated input and output faces. The reference reflectivity was about 0.4%. It would be straightforward to achieve a reference reflectivity of 4%-5%, using an uncoated glass interface, or a greater value by application of a high-reflectivity coating. Such a system could be used for thickness measurements, if the structures to be imaged are almost parallel to the bundle end face. A reasonable depth image was obtained, showing the first four layers within a reel of adhesive tape [ Fig. 10(c) ]. As in Configuration 1, polarization matching of signal and reference beams is automatic.
Discussion of System Performance
In OCT, sample-arm reflectivity values are typically around 10 −5 -10 −7 , therefore, excellent signal-tonoise performance is critical to achieving satisfactory image contrast throughout the image depth. Optimum performance depends on reducing detector and excess noise contributions to the point where the remaining shot noise is dominant. Detector noise is dependent on gain and bandwidth, and will typically be fixed for a given acquisition system, so detector SNR is maximized by selection of a low-noise detector in the first place, and then by maximizing the interferometric OCT signal. There is generally no lack of reference beam power but, for turbid sample materials, it is vital to maximize the much weaker coherent signal from the sample arm. It is important for imaging that reference beam power should be significantly greater than sample beam power; otherwise, the image will be confused by signals resulting from interference between various sample-arm reflections. The absolute magnitude of the interferometric signal can be boosted by further increasing reference beam power, in a manner analogous to that used in reference beam laser anemometry [39] . However, excess noise is proportional to the square of the mean DC signal component. This means that, if excess and detector noise are similar in magnitude, the increase in excess noise rapidly outweighs any improvement in detector SNR due to the increased reference beam component. Where balanced detection is used, much of the excess noise can be cancelled in Michelson-type arrangements, but a beat noise component remains.
Expressions for the various noise components are found in many publications. We refer to one example [40], with the magnitudes of the noise components adjusted for our different interferometer configurations. For the detector used in this project, the noise over the 3 dB bandwidth, expressed as the variance of the current, is about 2:0 × 10 −16 A 2 . For Configurations 1 and 2, with optimal alignment, and using the 70=20 beam splitter, a typical optical power of 10 μW is obtained at the detector from the reference arm of the interferometer. If we assume that the maximum SNR is obtained when the signal power at the detector equals the reference power, we can calculate a mean square OCT signal magnitude of about 10 −10 A 2 , a shot-noise variance of 4:8 × 10 −17 A 2 and, ignoring polarization effects, an excess noise variance of about 10 −16 A 2 . These values are sometimes elevated by a relatively large residual front-face reflection from the bundle.
However, imaging is also affected by artifacts resulting from other effects. First, the raw laser wavelength profile is roughly sawtooth-shaped, although this is modified in the OCT system by wavelengthdependent coupling and fiber losses. It also carries some high-frequency structure, as shown in Fig. 11(a) , which is more significant toward the high-wavelength end of the sweep. These features lead to unwanted lines in the Fourier transform image in Fig. 11(d) . Because the bundle loss is high, great care must be taken to avoid even muchattenuated backreflections from elements such as neutral density filters placed between the laser and the bundle. The front-face reflection from the bundle is a particular problem, as discussed above.
A larger contribution to image artifacts comes from oscillatory effects due to multimoding and cross coupling in the bundle. Where these fall within the range of expected OCT frequencies, a spurious structure will appear at the corresponding depth in the FFT image, and the magnitude of these artifacts can be much larger than any of the noise sources in the system. Unwanted oscillations are present in the output when light is coupled into a single-fiber core, resulting in artifacts throughout the entire range of the Fourier transform image. The magnitude of the different frequencies present varies as the input coupling conditions are adjusted. Figure 11 shows the effect on the profile with coupling adjusted for (b), (e) minimal and (c), (f) more severe occurrence of artifacts. For Configurations 1 and 2, with the reference power at the detector as quoted above, these effects correspond to a variance of about 3 × 10 −13 A 2 . Bundle-induced effects therefore limit the actual SNR to about 25 dB, which is in agreement with observed values. Without such effects, the equivalent SNR would be closer to 60 dB. In the Fizeau configuration, all light from the circulator is coupled directly into the bundle via the scanning mirror; therefore, the reference beam, derived from reflection at the coated distal face of the bundle, is now weaker relative to the unwanted front-face reflection. This increases excess noise, but bundle-induced effects are still dominant overall, and are once again the limiting factor in the system. Hence the observed SNR is similar in all three configurations.
An approximate modal analysis was performed, using the linearly polarized mode approximation, to estimate the propagation constants for the two lowest-order modes of the bundle cores at the 1330 nm center wavelength. Exact figures for the refractive index of core and cladding were not known, but the measured output NA, and the fact that most optical power appears to be contained within a few low-order modes, are consistent with a V value of about 4. With these assumptions, the group delay difference between the two lowest-order modes suggests a path-length difference of about 8 mm for the 1350 mm long bundle. This is within the 10-20 mm coherence length of the swept source and confirms that interference effects between different modes are to be expected. Waveguide dispersion is relatively insignificant, but it is not possible to calculate exact oscillation frequencies because material dispersion, which is usually much larger than waveguide dispersion in fibers, is not known for the bundle. As the laser sweeps, the relative phase between the modes changes, causing the output intensity to oscillate. Oscillation in the 100 kHz-10 MHz range, depending on material dispersion, is predicted within the laser sweep range for interference between the two lowest-order modes. However, interference between a single pair of modes would be expected to produce only a single artifact at a fixed depth position in the image. In fact, the number of lines present implies that interference is taking place between multiple pairs of modes, or over multiple path-length differences. A large number of modes present would be necessary to explain the numerous unwanted frequencies present in the signal, so an additional mechanism is implied. Wavelength-dependent cross coupling between the primary fiber core and neighboring fibers is a possible explanation. There is indeed a small but significant degree of coupling between the primary core and the six adjacent fiber cores. When light was coupled into a single core within the bundle, a small amount of power was observed on the NIR CCD camera, emerging from neighboring cores. Figure 12 (a) is a profile from a camera image, showing the output from the bundle when light is coupled into a single fiber so as to excite primarily the fundamental mode. In this situation, it can be seen that a small amount of power emerges from one or more of the neighboring cores, with a maximum of about 1.5% of the total output power appearing in any one of the six nearest neighbors.
Fiber-to-fiber cross coupling would be expected to be greater for higher-order modes, so interference effects caused by recoupling to the original fiber core should be reduced by choosing a collection lens NA close to the NA of the fundamental mode. However, there will be remaining wavelength-dependent variations, in both input coupling and cross coupling between fibers, which will also contribute to the spurious structures seen in images.
In practice, the oscillations caused by intermodal and cross-coupling effects dominate other noise sources in the system and, unfortunately, it is not possible to eliminate them other than by altering the design of the fiber bundle. The rms magnitude of the spurious oscillations is roughly equivalent to a sample reflection of about 0.01%, which is high enough to obscure interferometric signals from typical biological tissue samples. However, this does not prevent the technique from being useful in surface-profiling applications, or for semitransparent, nonbiological samples.
It might appear that an increase in the laser source wavelength (or reduction in core diameter) would improve performance, by eliminating the ability of the bundle fibers to support higher-order modes. However, the relatively small cladding layer between the cores causes cross coupling to increase as the wavelength approaches the single-mode cutoff; at a source wavelength of 1550 nm, a much larger fraction of light injected into a single-fiber core is cross coupled into surrounding fibers, and emerges at the distal end of the bundle from the six neighboring cores, as can be seen in Fig. 12(b) . Improvement would, however, be achieved by a design of imaging bundle, with both smaller core diameter and a greater cladding thickness separating the cores [41] . Optical absorbers in the cladding region would reduce cross coupling still further. Although the "dead space" in the image would be greater from such a bundle, smoothing could be applied to improve image appearance [21] , and lateral resolution could be adjusted via magnification of the probe optics. If intermodal effects could be eliminated, and an increase in the transmission of the bundles in the NIR portion of the spectrum achieved, a large performance improvement would result. 
Conclusions
The perceived advantages of eliminating scanning components from the endoscope section of an OCT instrument have led to this investigation of systems using imaging fiber bundles. Leached fiber imaging bundles have been incorporated into swept-source OCT systems, using a variety of optical configurations, and images have been obtained from test objects with all three proposed configurations. The systems differ from single-fiber, scanned systems, in that images are affected by multimoding, cross coupling, and loss in the bundle cores. Removal of DC background, and elimination of unwanted reflections, is also more complex in bundle-based systems than in standard single-fiber configurations with probe-tip scanning. The relative merits of three possible optical configurations have been compared, and suggestions made for methods to suppress backreflections from the bundle ends, by a combination of angle polishing and application of AR coatings. Characteristics of the leached bundles selected for this study have been investigated, and the way in which each affects image quality has been discussed. It is unlikely that the multimoding problem can be overcome completely without loss of spatial resolution in such systems, but changes in bundle design, to reduce losses and multimoding, would improve performance for low-coherence imaging applications.
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